Epididymal lithiasis is a dysfunction of unknown origin characterized by the formation of calcium stones into the lumen of efferent ductules of roosters. Affected animals present an imbalance in the hormonal responsive systems that regulate the expression of proteins involved in the transepithelial calcium transport, as TRPV6, CaBP-D28K, NCX1, and PMCA. Because the efferent ductules are the major site of fluid and calcium reabsorption in excurrent ducts, it was hypothesized that impairment in local calcium homeostasis would lead to lithiasis. To test this hypothesis, we addressed the expression of these proteins in the epididymal region of affected animals. The present study focused on the investigation of the occurrence, tissue distribution, and physiological impact of the transepithelial calcium transport in roosters under normal and pathological conditions. The results showed that affected roosters presented a significant increase in TRPV6 and CaBP-D28k levels, whereas NCX1 and PMCA were not changed. Such alterations were more conspicuous in the proximal efferent ductules, in which was also observed accumulation of calcium within the epithelial cells. These findings provided the first evidences for the involvement of alteration in the expression of proteins essential for calcium reabsorption as a plausible mechanism for the formation of calcium stones within efferent ductules.
Introduction
The epididymal region of roosters is located at the dorsomedial surface of the testis, being composed by the rete testis, efferent ductules, connecting ducts, and epididymal duct (King 1975 , Aire 1979a , 2000 , Oliveira & Oliveira 2011 . Among these components, the efferent ductules are the most conspicuous segment as they compose about 25-60% of the epididymal region (Aire 1979b , Clulow & Jones 1988 , Oliveira et al. 2011b . The efferent ductules of birds are involved in the reabsorption of the bulk of testicular fluid as well as calcium (Clulow & Jones 1988 and are considered to play important roles in the maintenance of fertility. Therefore, alterations in the functions of these ductules may negatively impact the reproductive success of roosters.
In this regard, the epididymal lithiasis is a reproductive dysfunction located in the epididymal region of roosters, which is characterized by the formation of abundant luminal calcium stones (Janssen et al. 2000 , Mahecha et al. 2002 . It has been consensual in the literature related to the epididymal lithiasis that the efferent ductules are the segment most affected by this anomaly, as calcium stones are formed and located in the lumen of the ductules, that also show more drastic morphological alterations (Janssen et al. 2000 , Mahecha et al. 2002 , Boltz et al. 2004 , Jackson et al. 2006 , 2011b . Although the primary cause of epididymal lithiasis is not yet elucidated, considering that: 1) calcium is the major component of the stones; and 2) the efferent ductules are major site for calcium reabsorption in the epididymal region, it has been hypothesized that an imbalance in local calcium homeostasis may be involved in the formation of the luminal calcium stones , 2011b , Oliveira & Oliveira 2011 .
Calcium transport across the epithelium may occur by the movement of the ion between the intercellular spaces -the paracellular pathway -or throughout the epithelial cell cytoplasm -the transepithelial pathway. The transepithelial calcium reabsorption depends on proteins that mediate the apical calcium entry within the cell, named TRPV5 and TRPV6 (transient receptor potential vanilloid channel), the diffusion of the ion throughout the cytoplasm bound to calcium-binding proteins (CaBP), such as CaBP-D9K or CaBP-D28K, and its extrusion to the extracellular environment in the basolateral membranes of the cells by the Na C /Ca 2C exchanger (NCX) or the plasma membrane calmodulin-dependent calcium ATPase (PMCA; Bindels et al. 1991 , Van Baal et al. 1996 , Hoenderop et al. 2002 , 2005 , Bar 2009 ). This process is orchestrated by several hormones that regulate the expression and activity of the aforementioned proteins, including vitamin D3, androgens, and estrogens (Cai et al. 1993 , Hoenderop et al. 2001 , 2005 , Van Abel et al. 2002 , Dick et al. 2003 , Meyer et al. 2007 , Oz et al. 2007 , Suzuki et al. 2008 , Hsu et al. 2010 , Yang et al. 2011 . Interestingly, the efferent ductules of roosters express high levels of vitamin D3 receptor (VDR), androgen receptor (AR), and estrogen receptors (ESR1 and ESR2 -also known as ERa and ERb respectively; Kwon et al. 1997 , Dornas et al. 2007 , 2008 , Oliveira et al. 2011a . Roosters affected by epididymal lithiasis expressed significantly higher levels of VDR and ESR2 in the efferent ductules, whereas AR and ESR1 proteins were not altered (Oliveira et al. , 2011b . Moreover, it was shown that affected animals also present alterations in the concentration profiles of hormones that bind to these receptors, as in the epididymal region of these animals estradiol (E 2 ) levels were increased whereas vitamin D3 and testosterone concentrations were decreased (Oliveira et al. 2011b) .
Therefore, based on these information and considering that the responsive systems of hormones that are essential for the maintenance of calcium homeostasis are altered in the epididymal region of roosters, the present study aimed to investigate the expression of TRPV6, CaBP-D28K, NCX1, and PMCA that directly mediate calcium transport across the epithelium, to further elucidate the cause of calcium stones formation within the lumen of efferent ductules. We focused on investigating TRPV6 and CaBP-D28K, instead of TRPV5 and CaBP-D9K respectively, because the former have been previously identified in the reproductive system, 100  90  80  70  60  50  40  30  20  10  0  Non affected  Mean pixel intensity   Affected   100  90  80  70  60  50  40  30  20  10  0  Non affected  Mean pixel intensity   Affected   100  90  80  70  60  50  40  30  20  10 including bird tissues (den Dekker et al. 2003 , Jelinsky et al. 2007 , Bar 2008 ). In addition, CaBP-D9K has not been detected in bird tissues (Bar 2008 (Bar , 2009 .
Results
Western blotting assays of the total protein extract of the epididymal region of roosters showed major protein bands of 81, 28, 125, and 120 kDa for TRPV6, CaBP-D28K, PMCA, and NCX1 respectively (Fig. 1A) . These molecular weights are in agreement with those previously reported in the literature (de Talamoni et al. 1993 , Hsu et al. 2010 , Kennedy et al. 2010 . When compared with nonaffected animals, roosters with epididymal lithiasis presented altered expression of the calcium transporting proteins. The TRPV6 expression within the epididymal region of roosters affected by epididymal lithiasis increased significantly (75%), whereas CaBP-D28K levels were increased in 13% (Fig. 1A , B and C). On the other hand, no differences in PMCA and NCX1 expression were found in the epididymal region of affected animals (Fig. 1A, D and E) .
Within the epididymal region, positivity for TRPV6 (TRPV6 C ) was restricted to the apical membrane of the efferent ductule nonciliated cells (Fig. 2) . In the proximal efferent ductules, few TRPV6 C cells were detected, contrasting with the distal efferent ductules in which most of nonciliated cells were positive for this protein ( Fig. 2A and C) . The ciliated cells of the efferent ductules as well as the epithelial cells lining the extratesticular rete testis (not shown) and epididymal duct were not immunoreactive for TRPV6 (Fig. 2E) . The immunohistochemical analyses revealed a drastic increase in the frequency of TRPV6 C cells in the proximal efferent ductules ( Fig. 2B and H -also, compare Fig. 2A and B) , thus confirming the western blotting results. While only CaBP-D28K was widely expressed within the epididymal region, as positivity for this protein was found in the cytoplasm of the epithelial cells lining the rete testis (data not shown), efferent ductules, and epididymal duct (Fig. 3 ). In the efferent ductules, strong positivity for CaBP-D28K was found in the ciliated cells, whereas nonciliated cells were slightly stained ( Fig. 3A and C) . Within the epididymal duct, positive staining for CaBP-D28K was observed in the epithelial principal cells (Fig. 3E ). Regarding CaBP-D28K expression, affected roosters showed evident alteration in the pattern of distribution within the epididymal region. In the efferent ductules of these animals, the nonciliated epithelial cells expressed higher levels of CaBP-D28K, both in the proximal and distal regions of these ductules (Fig. 3B and D) , when compared to nonaffected animals. No apparent alterations were found in the immunoreaction for this protein in the ciliated cells or in the epithelial cells of other segments comprising the epididymal region ( Fig. 3E and F) . A noteworthy finding was that a high number of cells comprising mononuclear cell infiltrates, commonly found in the connective tissue of affected animals, were positive for CaBP-D28K (Fig. 3 , inset in D).
The expression of NCX1 was restricted to the proximal efferent ductule epithelia (Fig. 4) . Among the epithelial cells, positivity was found in the basolateral membrane of some nonciliated cells with an apparent higher concentration of this protein within the basal region (Fig. 4A) . The nonciliated cells of the distal efferent ductules and ciliated cells of both segments as well as the epithelia lining the rete testis and epididymal duct were unreactive for NCX1 (Fig. 4A, C and E) . This pattern of expression was not altered in roosters affected by epididymal lithiasis (Fig. 4B, D and F) .
Considering the alterations in the levels of proteins important for calcium transport across the epithelia in affected animals, Alizarin red staining of epididymal region sections was used to investigate whether calcium could be depositing within the tissue. This histochemical analysis revealed Alizarin red positive granules at the basal region in the nonciliated cells of the affected proximal efferent ductules (Fig. 5B) , contrasting with the slight stain observed in nonaffected ductules (Fig. 5A) . Also, as expected, the luminal calcium stones were strongly stained by Alizarin red (Fig. 5C ).
Discussion
Here, we showed that TRPV6, CaBP-D28K, PMCA, and NCX1 proteins, all of them involved in the transport of calcium across the epithelia, were present in the epididymal region of roosters. Roosters with epididymal lithiasis presented distinct pattern of expression of these proteins, suggesting that an imbalance in calcium homeostasis may be related to the formation of the luminal calcium stones. These are the first findings pointing out a possible molecular mechanism to explain the origin of the epididymal lithiasis, a disorder that drastically decreases the fertility in roosters. The present study described that the classical proteins involved in calcium reabsorption -TRPV6, CaBP-D28K, PMCA, and NCX1 -are expressed within the epididymal region of roosters, providing, therefore, the putative molecular basis to guarantee calcium homeostasis in the excurrent ducts of birds. Under physiological conditions, it was observed that positivity for TRPV6 and NCX1 was restricted respectively to the apical and basolateral membrane of the nonciliated cells of the efferent ductules among the ducts comprising the epididymal region. The cytoplasm of these cells was also slightly positive for CaBP-D28K. These results corroborate the finding that the bulk of calcium reabsorption occurs in the efferent ductules (Clulow & Jones 2004) and reinforces the hypothesis that these cells are the major reabsorptive cells within the efferent ductules of birds (Aire 1980) . The maintenance of the correct concentrations of calcium within the luminal fluid in the excurrent ducts is essential for male fertility. In this regard, transgenic male mice that encode TRPV6 with a mutated pore or that are knocked out for PMCA are infertile due to high concentrations of calcium within the epididymal lumen resulting in impaired capacity of fertilization or in the presence of low motile sperm (Schuh et al. 2004 , Weissgerber et al. 2011 . Roosters affected by epididymal lithiasis had increased levels of TRPV6 and CaBP-D28K but not PMCA and NCX1. It is known that modulation of expression of these proteins is under control of different hormones, such as vitamin D3, estrogens, and androgens (Cai et al. 1993 , Van Abel et al. 2002 , Kip & Strehler 2004 , Hoenderop et al. 2005 , Oz et al. 2007 , Hsu et al. 2010 . On this sense, we showed recently that roosters with lithiasis presented altered levels of vitamin D3, E 2 , and testosterone that paralleled changes in their receptors (VDR, ESR2, and AR respectively) within the epididymal region (Oliveira et al. 2011b ). The vitamin D3 and E 2 responsive systems are directly correlated with TRPV6 and CaBP-D28K expression levels (Hoenderop et al. 2001 , 2005 , Oz et al. 2007 ). However, the hormonal effect on the calcium extrusion step is less clear, although it has been shown that vitamin D3 stimulates PMCA expression in the basolateral membranes of reabsorptive cells in the intestine and kidney (Cai et al. 1993 , Kip & Strehler 2004 . Recently, it was demonstrated that testosterone inhibits the expression of TRPV5, CaBP-D28K, and PMCA (Hsu et al. 2010) . Therefore, the hormonal imbalance observed in roosters affected by epididymal lithiasis may be related to the altered pattern of expression of the proteins involved in the transepithelial calcium transport (Oliveira et al. 2011b) .
One hypothesis to explain the origin of the epididymal lithiasis was that disruption of local calcium homeostasis would culminate in the formation of the luminal calcium stones (Mahecha et al. 2002 , Oliveira & Oliveira 2011 , Oliveira et al. 2011b ). The present results corroborate this hypothesis and provide a possible molecular mechanism that could be involved in the origin of such a reproductive disorder (Fig. 6) . According to the most accepted model for the calcium transport across the epithelia, calcium enters the cell through specific epithelial calcium channels (TRPV5 or TRPV6), moves throughout the cytoplasm bound to calcium binding proteins (CaBP-D9k or CaBP-D28K), and is extruded to the extracellular medium by the action of a membrane calcium ATPase (PMCA) and/or a NCX1 (Hoenderop et al. 2005) . The first steps -calcium entry and diffusionoccur following an electrochemical gradient directed from the lumen to the cell cytoplasm and, therefore, are considered as passive steps (den Dekker et al. 2003, Hoenderop et al. 2005) . On the other hand, the extrusion step is an active process as it occurs against an electrochemical gradient (Hoenderop et al. 2005) . On this sense, based on the fact that only TRPV6 and Overall calcium reabsorption Figure 6 Working hypothesis for luminal calcium stone formation in the efferent ductules of roosters. In roosters nonaffected by epididymal lithiasis (cell on left), normal calcium reabsorption across the proximal efferent ductule epithelium (arrow 1) is mediated by TRPV6, CaBP-D28K, NCX1, and/or PMCA (not shown). Roosters affected by epididymal lithiasis showed higher levels of TRPV6 and CaBP-D28K, but not NCX1 and PMCA proteins. Therefore it is possible that there is an increase in calcium entry within the cell without a parallel increase in its extrusion (arrow 2). This alteration would result in the saturation of the transepithelial calcium transport with consequent decrease in overall calcium reabsorption (arrow 3). This hypothesis is reinforced by the observation of calcium accumulation within the basal region of epithelial cells (orange). Finally, luminal calcium concentrations would be higher in affected animals, serving as nucleating centers for its aggregation into stones.
CaBP-D28K expression are increased within the epididymal region, it is possible that the calcium transport is saturated, especially considering that the levels of the proteins involved in the extrusion of the ion from the cell do not increase in the same rate. In line with this interpretation is the presence of Alizarin red granules at the basal region of the cells, which suggests the concentration of calcium in this region of the cell. This concentration would result in the dissipation of the inward electrochemical gradient that drives calcium into the cell with the consequent reduction of calcium reabsorption in the efferent ductules (Fig. 6) . Finally, calcium is possibly accumulating within the lumen of the efferent ductules and forming nucleating centers to its aggregation into the luminal stones. It is also important to highlight that the overall calcium transepithelial transport may be influenced by other channels, such as Na C /K C -ATPase, that modulate the steps of this process (Boros et al. 2009 ). Further investigations regarding other regulatory molecules and channels are needed to fully understand the participation of the calcium reabsorption disruption in the origin/ development of epididymal lithiasis.
The putative local disruption in calcium homeostasis described here may contribute to the pathogenesis of epididymal lithiasis in roosters in different ways. First, it may create favorable conditions for calcium aggregation within the lumen of the efferent ductules as aforementioned, but it can also be associated with other alterations commonly found in the epididymal region of affected animals. It has been shown that elevated intracellular calcium levels may parallel an increase in cell vacuolization in other pathological conditions (Raraty et al. 1999 ) and, thus, may be a factor that can explain in part the presence of numerous intracellular vacuoles within efferent ductules epithelial cells of roosters with lithiasis (Mahecha et al. 2002) . Furthermore, the occurrence of epididymal lithiasis is correlated with decreased daily sperm production and reduced fertility by natural mating (Janssen et al. 2000) . Surprisingly, the fertility levels of affected animals are not restored even after the artificial insemination of chickens with equivalent numbers of spermatozoa obtained from semen of affected and nonaffected animals (Janssen et al. 2000) . Therefore, the overall reduction in fertility in roosters with lithiasis is likely to be due to alterations in the quality of spermatozoa. In this regard, disruption of local calcium homeostasis leading to increased luminal calcium would affect sperm maturation that occurs in the transit throughout the male extratesticular duct system as similarly described in other models (Schuh et al. 2004 , Weissgerber et al. 2011 .
Another interesting finding was the strong positivity for CaBP-D28K found in the ciliated cells of the efferent ductules and in the epididymal duct principal cells, both of which were unreactive for the membrane calcium transporters TRPV6 and NCX1. Calbindin-D28K is a protein known to buffer intracellular calcium concentrations but it also serves as a calcium source (Schwaller 2009 (Schwaller , 2010 . This dual role of calbindins within the cell allows the participation of this protein in other biological processes, such as movement of cilia and secretory function, which may be the case for the efferent ductule ciliated cells and epididymal principal cells respectively (Oz et al. 2007 , Schwaller 2009 , 2010 .
In conclusion, this study provides evidence for the involvement of alterations in the expression of key proteins for calcium reabsorption in the formation of luminal calcium stones within the efferent ductules of roosters. Although it is difficult to separate the cause and consequence relation of the results presently found, the alterations in the calcium handling presented here may be a result of the local hormonal imbalance, such as overexpression of VDR and estrogen/ESR2 and reduction in testosterone, previously demonstrated in the epididymal region of rooster affected by the lithiasis.
Materials and Methods

Animals and tissue preparation
The study was performed on the epididymal region of 18 adult crossbred roosters (Gallus gallus), products of unknown breeds, between 1 and 2 years old, in reproductive activity. The animals were obtained from commercial sources and housed at the Universidade Federal de Minas Gerais facilities under natural conditions of light, temperature, and humidity. Water and food (Socil III Guyomarc, Belo Horizonte, Brazil) were administered ad libitum. Food composition is as follows: calcium (1%), phosphorous (0.5%), other minerals (7%), total protein (13%), lipids (2.5%), fiber (8%), and maximum humidity (13%). The experimental procedures were approved by the Local Ethical Committee published by the CETEA/UFMG (http://www.ufmg.br/bioetica/coep).
The roosters were weighted, anesthetized (i.p. lethal dose of sodium pentobarbital 50 mg/kg of body weight) and perfused intracardially with saline and 10% neutral buffered formalin (NBF) or only with saline solution for immunohistochemical and western blotting analysis respectively.
Diagnostic of epididymal lithiasis
Epididymal lithiasis was diagnosed by clearing fragments of the epididymal region with potassium hydroxide (KOH) at 0.5% (w/v) followed by immersion in glycerin solutions (1:2, 1:1 and pure glycerin) as previously described and validated (Oliveira et al. , 2011b . Animals were classified as affected or nonaffected based on the presence or absence of stones within the epididymal tissue respectively.
Western blotting
For western blotting assays, fragments of the epididymal region of nonaffected and affected animals (nZ5 per group) were 2003 , Jelinsky et al. 2007 , Bar 2008 ). Tissue total protein was extracted by the homogenization of samples with a solution containing 1% SDS, 30 mM Tris-HCl (pH 6.8), 2-mercaptoethanol, 12% (v/v) glycerol, and bromophenol blue, as previously described . After total extraction, a total amount of 10 mg of proteins were loaded per well for separation by continuous electrophoresis using 10 or 12.5% SDS-PAGE (for proteins with molecular weight between 140 and 70 kDa or !50 kDa respectively). To control protein loading, the membranes were probed for GAPDH. Then, the proteins were transferred onto nitrocellulose membranes and nonspecific binding sites in the membranes were blocked by using normal goat serum (NGS) diluted at 10%. The blots were incubated with the primary antibodies rabbit anti-human TRPV6 (Sigma-Aldrich), rabbit anti-rat CaBP-D28K (Sigma-Aldrich), mouse anti-human PMCA (Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-rabbit NCX1 (Thermo Scientific, Rockford, IL, USA), and rabbit anti-human GAPDH (Cell Signaling, Danvers, MA, USA) diluted at 1:500, 1:200, 1:500, 1:1000, and 1:1000 respectively. Following this step, the membranes were incubated with goat anti-rabbit (for TRPV6, CaBP-D28K, and GAPDH) or goat anti-mouse (for PMCA, NCX1) secondary biotinylated antibodies (Dako, Glostrup, Denmark) at 1:1000 and 1:5000 (for NCX1) and then with the avidin-biotin complex conjugated with peroxidase (Vector Laboratories, Burlingame, CA, USA). After several washes with PBS-Tween 0.05% and pure PBS, the immunolabeling was visualized with a solution of 0.1% (w/v) 3,3 0 -diaminobenzidine in PBS containing 0.05% (w/v) chloronaphthol, 16.6% (v/v) methanol, and 0.04% (v/v) H 2 O 2 .
Immunohistochemistry NBF fixed fragments of the epididymal region of roosters affected and nonaffected by epididymal lithiasis were embedded in paraffin, sectioned at 5.0 mm, and used for immunohistochemical analysis. The technique was performed in duplicates and, for comparison between animals and groups, the staining was run in parallel. After endogenous peroxidase activity blocking with 0.6% (v/v) H 2 O 2 in methanol, sections were submitted to standard protocol of antigen retrieval in 0.01 M sodium citrate buffer (pH 6.0) and microwave heating. Nonspecific binding was blocked by incubation of the sections with avidin and biotin blocking kit (Vector Laboratories) and 10% NGS. The slides were incubated with the primary rabbit anti-human TRPV6 (Sigma-Aldrich), rabbit anti-rat CaBP-D28K (Sigma-Aldrich), and mouse anti-rabbit NCX1 (Thermo Scientific) antibodies at the dilution of 1:500, 1:200, and 1:100 respectively. Then, sections were incubated with goat antirabbit (for TRPV6 and CaBP-D28K) and goat anti-mouse (for NCX1) secondary biotinylated antibodies (Dako) diluted at 1:100 and then with the avidin-biotin complex conjugated with peroxidase (Vector Laboratories). Negative controls were obtained by omitting the primary antibodies and incubation with the appropriate anti-IgG. The reaction was visualized by immersion in 0.05% 3,3 0 -diaminobenzidine solution containing 0.01% H 2 O 2 in 0.05 M Tris-HCl buffer (pH 7.4). Finally, the sections were counterstained with hematoxylin, dehydrated, washed in xylene and mounted.
Quantitative studies
The comparison of TRPV6, CaBP-D28K, NCX1, and PMCA expression between nonaffected and affected roosters were quantified in western blotting membranes. For this purpose, the specific protein bands were traced and measured with a constant measurement area around the bands. Background intensity was determined by tracing an unlabeled area adjacent to the measured band. The final intensity was determined by subtracting background intensity from positive values for each band .
The frequency of TRPV6 positive cells within the epididymal region was determined in the immunohistochemical slides, according to the literature (Oliveira et al. 2006) . For this purpose, it was counted the immunoreactive cells per 100 epithelial nonciliated cells in ten randomly selected longitudinal sections of the proximal efferent ductules.
Alizarin red stain
To investigate the occurrence of possible calcium deposits within the epididymal region, 5 mm sections of NBF fixed tissues were incubated with Alizarin red stain for 3 min. The Alizarin red interaction with calcium results in an orange/red product that can be visualized under the microscope (McGee-Russell 1958 , Mori et al. 2000 .
Statistical analysis
Data about the expression of TRPV6, CaBP-D28K, PMCA, and NCX1 as well as the frequency of TRPV6 positive cells in the epididymal region of roosters nonaffected and affected by epididymal lithiasis were statistically analyzed to detect possible differences between groups. For this purpose, the normal distribution of the data and the homogeneity of variances were tested prior to the realization of the Student's t-test. Differences were considered significant at P%0.05.
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